To test a hypothesis that workers in social Hymenoptera can identify male broods at early stages of development and eliminate them to avert excessive investments in male brood, the ability of larval sex discrimination and the timing of male brood elimination by honeybee (Apis mellifera L.) workers were determined. A comparison between the egg sex ratio and the sex ratio of 5 day-old larvae showed that male larvae might selectively die and/or be eliminated in colonies with low survival rates of broods. Nurse bees conditioned by the extracts of male larval cuticles responded significantly more frequently to male extracts than female ones extracted from 3 and 4-5 day-old larvae. It is known that during the developmental stage of 4-5 days, the weight sharply increases in male larvae. The nurse bees conditioned by the extracts of male comb cells failed to distinguish between male and female extracts. Honeybee workers can thus discriminate the sex of broods for male elimination based on cuticular substances during the larval periods with the highest growth rates, which may avert excessive investments in male brood.
INTRODUCTION
In colonies of social Hymenoptera, workers mainly manipulate reproductive outputs of the colony. Workers can distinguish the sex of broods, provide preferential care for either sex of the broods or eliminate males to enhance their inclusive fitness (Trivers and Hare, 1976; Crozier and Pamilo, 1996; Sundström et al., 1996) . They can also differentially allocate investments into production of reproductives or colony maintenance depending on the season or nutritional status of the colony (Nonacs, 1986; Deslippe and Savolainen, 1995) . Workers thus skew the brood sex ratio according to their genetic interest or the trophic potentiality of their colony.
Identification of brood sex by workers is a prerequisite for sex ratio manipulation and it has been reported in several species of social bees and ants (Haydak, 1958; Nonacs and Carlin, 1990; Aron et al., 1994 Aron et al., , 1995 Keller et al., 1996; Passera and Aron, 1996; Chapuisat et al., 1997) . Nonacs and Carlin (1990) pointed out that under conditions of polyandry, polygyny or when workers were sterile, workers should identify the sex of broods as early as possible to efficiently produce one sex of broods or to avert excessive investments in one sex of broods. Early sex discrimination has been known in ants , but studies determining a timing of brood sex discrimination are limited in ant species and required in other social Hymenoptera.
A colony of honeybees consists of a multiplemated queen, several thousand to about thirty thousand workers, and drones equivalent to about 20% of the number of workers. The ratio of drones to workers, however, changes with the season and with the size of the colony. Honeybee workers can discriminate between the sex of larvae and control their investment in male and worker larvae (Haydak, 1958; Free and Williams, 1974, 1975) , although the timing of brood sex discrimination remains uncertain. Workers build both male and worker comb cells for the queen's oviposition, but they do not seem to use the cues from the comb cells for the identification of larval sexes and may use cues from the surface of the larval body to identify the sex (Haydak, 1958) . However, little is known about the cues that are involved in the identification of larval sex by nurse bees.
Cuticular hydrocarbons, free fatty acids and fatty acid esters are known as components of pheromones for brood recognition, caste recognition and nestmate recognition in social insects (Howard and Blomquist, 1982; Obin, 1986; Le Conte et al., 1990 Gamboa et al., 1996; Fröhlich et al., 2001) . These contact chemical cues appear to be indispensable for individual recognition in environments where visual cues are not available. In honeybee colonies, workers use the contact chemical cues to recognize nestmates (Breed, 1998) , adult sexes (Fröhlich et al., 2001 ) and broods (Le Conte et al., 1990 . Honeybee workers may use the cuticular substances for the identification of larval sex, but this possibility remains to be tested.
In the present study, we tested a hypothesis that honeybee workers could identify male larvae at early stages of development and eliminate them to avert excessive investments in males. We first examined workers' manipulation of brood sex ratio by comparing the egg sex ratio to the larval sex ratio on experimental frames in colonies. We then determined experimentally the critical day age in the larval development when the nurse bees could identify the sex. We present the first evidence suggesting that nurse workers might identify male larvae at the highest growth rates based on the compounds of cuticular substances.
MATERIALS AND METHODS
Comparison between egg sex ratios and larval sex ratios. To examine workers' manipulation of the brood sex ratio, the sex ratio of eggs laid by the queen and the larval sex ratio that might be manipulated by workers were compared in the same colonies. To determine the egg sex ratio, we used the checkered frames for the queen's oviposition described in Sasaki et al. (1996) . In the frame, drone and worker comb cell zones were arranged in a checkered pattern to allow the queen to select either drone or worker cells for oviposition. To determine the sex of eggs laid in drone and worker cells, we carried out a preliminary test in which we used the procedure of staining and counting the chromosomes Obara, 1999, 2002) . Thirty eggs laid in each drone and worker cell were collected randomly from the checkered frames and then were sexed. In all cases, the sex coincided with the cell type. Therefore the egg sex ratio on the checkered frames was determined by counting the number of eggs in each different cell type. Each colony contained 8,000 to 9,000 workers with four normal frames in the hive. The empty checkered frames were introduced into each of the colonies, kept there for 2 days and taken out to examine the egg sex ratio. These checkered frames containing both male and female eggs were then reintroduced into the same colonies and kept for 5 days. During the reintroduction, the checkered frames were isolated from the queen but not workers by using queen excluders. The frames were finally taken out of the colonies to examine the sex ratio of 5 day-old larvae. The experiments were carried out in the reproductive season (May-June) in the apiary of Tokyo Univ. of Agri. and Tech., Japan.
Extraction of cuticular substances and comb cell substances. To extract the cuticular substances from the surface of the larval bodies, male and female larvae at different ages were collected from the experimental colonies. The comb frames with both male and female broods were taken from the hives and the broods except eggs were removed from the cells. The frames with eggs only were returned to the hives and checked daily to collect larvae at different ages. The collected larvae (1-2 days old, 3 days old and 4-5 days old) were washed with distilled water and then transferred into nhexane for 5 min. The extracts were passed through a silica gel column to remove undissolved materials and other high-molecular weight material. The column was made from a 14.7 cm disposable Pasteur pipette with a glass wool plug into which a slurry of n-hexane and silica gel (0.0063-0.2 mm, Merck) was added to a point about 5 cm below the top. Then 4 ml of n-hexane was added to the column and collected as a sample of the larval nonpolar extracts (fraction LNP). The column was washed with 3 ml of hexane-diethyl ether solution (hexane : diethyl etherϭ7 : 3) and with 4 ml of diethyl ether to collect a sample of the larval polar extracts (fraction LP). The substances of comb cells were also extracted and separated by the same procedures mentioned above (fractions CNP and CP). The samples of 10 individuals were mixed for the behavioural test, volatilized in a 5 ml glass vial and dissolved by 1 ml of hexane.
Recognition test. The extracts were examined to determine whether nurse bees could identify the sex of larvae based on the cuticular substances at different developmental stages of larvae. Associative learning tests (Bitterman et al., 1983) in which a bee conditioned to the stimulant with sucrose rewards extended the proboscis in response to the conditioned stimulus were used in the behavioural test. This technique provides a valuable tool for investigating chemical perception in honeybees, especially questions related to discrimination of similar chemicals including different cuticular hydrocarbons and fatty acid esters Smith, 1987, 1991; Fröhlich et al., 2000 Fröhlich et al., , 2001 . To set conditions among the bees, 30-40 nurse bees showing brood-caring behaviours were collected from hives and transferred into a plastic container with a 50% sucrose solution at 32°C for 1 h. Then the bees were kept for 20 h without sucrose solution. After the treatment, each bee was fixed in a glass tube with a wire pillory and conditioned with the extracts. Each extract (10 individuals/ml) was applied on a glass rod (90 mmϫ1.2 mm ID) and then the rod was turned until the solvent had evaporated. This treatment might remove most volatile components from the extracts, but some volatile and low-volatile components might remain on the rod. The rod with each extract was presented to the bees for 3-5 s in the order shown in Table 1 at intervals of 5 min. The availability on the order of stimulus for conditioning with cuticular substances has been reported (Fröhlich et al., 2001 ). The bees usually voluntarily touched the rods with extracts by the antennae, when the rods were directed towards the bees' foreheads. Male extracts were used as a conditioned stimulus with 50% sucrose solution. The sucrose reward was given for 3-5 s immediately after the presentation of the conditioned stimulus by touching the antennae of a bee with a drop of sucrose solution to elicit extension of the proboscis. Female extracts were used as a stimulus without sucrose rewards. After the conditioning (after 5 min), the bees were tested to determine whether they showed proboscis extension in response to the extracts of male and/or females. Bees that reacted spontaneously with a proboscis extension in the first trial of the conditioning phase were excluded from the experiment. Other groups of individuals were tested by hexane after being conditioned by the male extracts in order to determine the response levels to hexane without any cuticular substances. Carbon dioxide anesthesia was not used throughout the preparation. Behavioural responses were only counted if the bees extended their proboscis to the stimuli. A total of 480 individuals were tested for fractions LNP, LP, CNP, CP and hexane.
Statistics. Differences between the egg sex ratio and the larval sex ratio in each colony were tested by chi-square test (pϽ0.05 significance value). Behavioral responses in the recognition tests were compared between male and female extracts using the Wilcoxon signed rank test. A comparison of behavioral responses between the conditioned stimuli and n-hexane was made by a Mann-Whitney's U-test, since different bees were used in each experiment.
RESULTS

Egg and larval sex ratios
All queens in five experimental colonies laid both male and female eggs in each comb cell on the checkered frames. As in the normal frames in normal colonies, the cells used for oviposition were Male Larval Elimination by Honeybees 395 
Extracts of male larval cuticles or male comb cells; F: Extracts of female larval cuticles or worker comb cells.
distributed around the upper central portion of the checkered frames (25-38 cell zones used). This was the case for all queens. The egg sex ratios (proportion of males) ranged from 0.028 to 0.139, which were similar to previously reported values (Sasaki and Obara, 2001 ). The egg sex ratios decreased significantly during the larval periods in three of five experimental colonies ( Table 2 ). The larvae of these three colonies showed lower survival rates than the other two colonies, indicating that male larvae might selectively die and/or be eliminated in these colonies.
Recognition test
Nurse bees showed proboscis extension more frequently to fractions LNP (Fig. 1A) , LP (Fig. 1B) , CNP and CP (Fig. 1C) than to hexane alone (Mann-Whitney's U-test, pϽ0.01). The sucroseconditioned nurse bees responded to fraction LNP, but they did not show any significant sex discrimination (Wilcoxon signed rank test: Day 1-2, zϭ Ϫ0. 561, pϭ0.575; Day 3, zϭϪ1.468, pϭ0.142; zϭϪ0.913, pϭ0.361 , Fig. 1A ). In contrast, the nurse bees conditioned to male fraction LP responded significantly more to male extracts than female extracts of 3 and 4-5 day-old larvae (Fig. 1B) . We observed no different responses toward the sexes in bees presented fraction LP at 1-2 days old (zϭϪ1.604, pϭ0.109, Fig. 1B) . Nurse bees did not show any different responses to the extracts from male and worker comb cells (fraction CNP, zϭϪ0.913, pϭ0.361; fraction CP, zϭϪ1.690, pϭ0 .091, Fig. 1C) . Thus, the nurse bees may be able to discriminate the male fraction LP from the female one and may not discriminate between the sexes on the fraction LNP, CNP and CP. 396 K. SASAKI et al. 
DISCUSSION
In honeybee colonies, the sex ratio of offspring and the proportion of reproductive individuals can be manipulated by either the queen or workers. Queens can control the sex of eggs by egg fertilization during oviposition (Koeniger, 1970; Ratnieks and Keller, 1998) and adjust the proportion of male eggs by preferential oviposition in either male or worker comb cells (Sasaki et al., 1996; Sasaki and Obara, 2001) . Workers can also control the sex ratio of broods by building a different number of male and worker comb cells and caring for one sex preferentially (Free, 1967; Free and Williams, 1974, 1975) . The ecological significance of the sex ratio manipulation, including queen-worker conflicts over sex-allocation or sexual production versus colony maintenance, has been discussed using mathematical models and measurements of several parameters related with sexual investment (Crozier and Pamilo, 1996) . However, despite its theoretical interest, the mechanisms underlying the control of the sex ratio have received little attention. The present study focused on the chemical cues for larval sex identification by workers and demonstrated that honeybee workers may be able to identify male larvae on the basis of compounds of the cuticular substances.
A comparison between the egg sex ratio and the sex ratio of 5 day-old larvae showed that the male larvae might have selectively died and/or been eliminated in the experimental colonies with lower surviving rates of broods. If the decrease of the sex ratio was caused by worker's manipulation, workers might eliminate male larvae selectively under poor colony conditions with a low survival rate of broods. The test colonies did not build any queen comb cells for new queen production during the experiments, suggesting that they might produce only males for sexual production. Under these conditions, workers may temporally abandon the production of reproductives, invest in the colony maintenance for the next chance of reproduction and care preferentially for worker broods, whereas under rich colony conditions they should invest in the reproductives (male). The preferential elimination of male larvae has been reported in ant colonies (Aron et al., 1994 (Aron et al., , 1995 Keller et al., 1996; Passera and Aron, 1996; Sundström et al., 1996) . It has also been suggested that workers in ant colonies might recycle the eliminated male larvae into female larvae (Chapuisat et al., 1997) . In honeybee colonies, several researchers have observed brood cannibalism by workers under poor nutrition conditions (Velthuis et al., 1990; Moritz and Southwick, 1992) . Honeybee workers may also recycle the resources from male larvae into worker larvae.
The results of the associative learning tests showed that the nurse bees preferentially responded to the conditioned stimulus with the cuticular substances, but not to that with the extracts of comb cells. Since the nurse bees showed lower responses to hexane than to the conditioned stimuli, the bees might have learned the conditioned stimulus with sucrose rewards and discriminate the male cuticle extracts from the female ones. Sex differences of the cuticular fatty acid esters in honeybee larvae have been reported (Le Conte et al., 1989) . Several components of the fatty acid esters changed as the larvae grew (Le Conte et al., 1994) . Fröhlich et al. (2001) showed that honeybee workers could discriminate cuticular waxes of adult individuals between drone and worker on the basis of esters and polar components. In our experiments, the nurse honeybees responded to the differences of larval sex in fraction LP that is supposed to contain fatty acid esters and other polar components. Future issues left to be determined are the composition in the fraction LP by GS-MS and whether the nurse bees can recognize the different compositions of cuticular substances or the particular substances which may change in relative concentrations during the larval growth.
Male brood elimination in social Hymenoptera is an adaptive behavior of workers to manipulate sex ratios. In polyandrous species including honeybees, the sexual deception that queens may hide the sex of brood prevents workers from replacing the queen's male-eggs with their own should not be expected (Nonacs and Carlin, 1990) . Under these conditions, the brood sex discrimination by workers should occur early in development, because the brood elimination entails costs. This hypothesis may apply to honeybee colonies. Our results showed that nurse bees might have begun to identify male larvae at Day 3 and 4-5, although we could not completely exclude the possibility that workers could identify the sex of larvae at an earlier stage, such as in the diploid larval elimination (Woyke, 1963) . The developmental stage of Day 4-5 is known as a period when the weights sharply increase in male larvae (Stabe, 1930) . When workers eliminate male broods, they should identify male broods at early stages of development to avert excessive investments in male brood. The present study has provided evidence to support the early sex discrimination hypothesis and to suggest that honeybee workers may be able to identify larval sex based on the compounds of cuticular substances. These findings will be useful for further studies trying to establish the basis of mechanisms of sex ratio manipulation by workers and to test a hypothesis of queen-worker conflicts over sex-allocation.
